A lysine-rich serine protease inhibitor, isolated from barley (H. vulgare, var. Hiproly) which inhibits subtilisin strongly, chymotrypsin weaker, but not trypsin, is shown to be homologous with potato inhibitor I (RICHARDSON and COSSINS, FEBS Lett. 52, 161 (1975)) (45% of the amino acids in identical positions). The barley inhibitor seems to be the first example described of a protease inhibitor from higher plants in which the structure and reactive site is not stabilized by disulfide bonds.
INTRODUCTION
Several chromatographic and electrophoretic studies have shown that increased content of a few major lysine-rich albumin/globulin components is the primary source of the high lysine content in Hiproly barley (for references, see 14) . Recently, two of these proteins, termed SP II A and SP II B, respectively, were purified and characterized (7, 8) including determination of their primary structure (19) . The smallest component, SP II B, consists of 72 amino acid residues and has a molecular weight of 8072. The larger peptide, SP II A (MW 9128), has the same amino acid sequence, except that the peptide chain is 11 residues longer at the Nterminus.
Abbreviations: ATEE = acetyltyrosin ethyl ester; SDS = sodium dodecyl sulfate; TAME = tosylarginine methyl ester.
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In a parallel study, a 4-7 fold increased content of four different water/salt-soluble proteins compared to what is found in ordinary barley varieties was found to be closely associated with the high-lysine character of Hiproly barley (5) . Among these proteins were identified two immunochemically different inhibitors of chymotrypsin and microbial serine proteases, termed CI-I and CI-2. Purification and characterization of these protease inhibitors (2) showed that the SP II proteins and type CI-2 isoinhibitors had very similar size and amino acid composition.
The purposes of the present communication are 1) to document that the SP II proteins are immunochemieally identical with the CI-2 type inhibitors, 2) to confirm the inhibitory properties of the SP II proteins and 3) to discuss their amino acid sequences in the light of this biological function, especially the striking homology of the barley inhibitors with the well characterized potato inhibitor I (13).
MATERIALS AND METHODS

Materials
Proteins SP II A and SP II B were isolated from H. vulgare var. Hiproly as described in a previous communication (7) . Isoinhibitors of type CI-2 were isolated from the same barley line (2) . A crude preparation of protease inhibitors from the potato variety Maritta (9) was obtained from Dr. L. C. BRUNN. Subtilisin Novo, subtilisin Carlsberg and porcine chymotrypsin were gifts from Novo Industry, Copenhagen. Trypsin was obtained from Worthington, New Jersey, USA. Acetyltyrosine ethyl ester (ATEE) and tosyl-arginine methyl ester (TAME) were products of Sigma, St. Louis, USA.
N-trans-cinnamoylimidazole was obtained from
Fluka, Buchs, Switzerland.
Methods
Inhibition studies in the pH-stat
Inhibition of subtilisin, chymotrypsin and trypsin by the SP II A and SP II B proteins was studied in a Radiometer pH-stat composed of a titrator TIT 2 and a titrigraph SBR 2b. As substrates for subtilisin and chymotrypsin were used 5 ml of ATEE (25 mM) and for trypsin 5 ml of TAME (25 mM). The liberation of hydrogen ions was followed by titration with 0.1 M-NaOH at pH 8.0 and room-temperature. Increasing amounts of SP II A or SP II B were added to a series of 0.1% enzyme solutions (100 ~ each). From these mixtures suitable aliquots were withdrawn and added to the substrate solution in the pH-stat. The degree of inhibition was calculated from the initial rates and due corrections made for dilution of enzyme by the addition of increasing volumes of SP II A or SP II B. The operational normality of the subtilisins and chymotrypsin was determined by active site titration with N-trans-cinnamoylimidazole (18) .
Gelfiltration and SDS-gel electrophoresis of protease-inhibitor complexes
Complexes between inhibitor SP II A or B and chymotrypsin, subtilisin Carlsberg and subtilisin Novo, respectively, were made by dissolving I mg of inhibitor and 1 mg of protease in 500 1A 50 mM-Tris/HC1 buffer, pH 8. The mixtures were applied on a Sephadex G75 column (0.9 • 28 cm) equilibrated with 0.1 M-NHaHCO3 and eluted with the same buffer. One ml fractions were collected with a flow-rate of 6 ml 9 hour -1. The first peak eluted corresponded to the enzyme-inhibitor complex and aliquots were removed, freeze-dried and used for SDS-gel electrophoresis.
The gel electrophoretic system used consisted of a one mm thick gel slab containing a 7.5-15 96 gradient of polyacrylamide as described by CHCA and BENNOVN (4) . The aliquots of enzymeinhibitor complexes were dissolved in 0. I M-HCI, dried by evaporation and then processed as described (4).
Immunoelectrophoresis
Preparation of antibodies towards the different purified and polymerized barley proteins, as well as experimental conditions for rocket immunoelectrophoresis have been described in detail previously (2, 7).
RESULTS AND DISCUSSION
Immunoelectrophoresis
Rocket immunoelectrophoresis of SP II proteins and CI-2 inhibitors using antibodies raised against the SP II proteins or against the The proteins SP II A and SP II B (7) were applied in sample wells 2 and 4, respectively. The inhibitor preparations CI-2a, CI-2b and CI-2c (2) in wells 1, 3 and 5, respectively. In each well about 5 og antigen was applied in 5 # immunoelectrophoresis buffer. Antibodies towards the SP II proteins were used, but identical results were obtained with antibodies towards the purified inhibitors. Anode is shown at top.
inhibitors showed immunoelectrophoretic identity between all the different protein preparations (Figure 1 ). These results strongly suggest that the SP II proteins belong to the type CI-2 protease inhibitors. Comparison of molecular weights and isoelectric points indicates that the proteins SP II A and SP II B correspond to the inhibitor forms CI-2b and CI-2c, respectively (2, 7).
Inhibition experiments
In order to confirm the inhibitory action and to test the specificity of the SP II A and SP II B proteins a series of inhibition studies was carried out using the pH-stat technique. Although the SP II B protein is identical with the SP II A protein apart from 11 residues at the N-terminus both were investigated with respect to inhibitory action, since the possibility existed that the inhibitory function was modulated by the Nterminal part of the molecule and hence would be different in the two components.
The inhibition of subtilisin, chymotrypsin and trypsin by the SP II A and SP II B proteins is shown in Figure 2 Carlsberg and subtilisin Novo were strongly inhibited by the SP II A and SP II B proteins. A linear relationship was obtained between the degree of inhibition and added amounts of inhibitor. Extrapolation to complete inhibition shows that the subtilisins were bound in a ratio of 1:1 to both inhibitors.
Chymotrypsin was not inhibited as strongly as the subtilisins by these inhibitors. A 4 to 8-fold increase in inhibitor concentration over that of the enzyme only led to about 90 % inhibition of chymotrypsin (Figure 2 A and B) . explanation can at present be given for the apparent slight increase in tryptic activity upon addition of the SP II A or SP II B proteins. The SP II inhibitors resemble inhibitor I isolated from potatoes in their inhibitory activities against the subtilisins and chymotrypsin. However, the potato inhibitor is also an inhibitor of trypsin (13).
SDS-gel electrophoresis of proteinaseinhibitor complexes
In order to gain some insight into the mechanism of the inhibitory action, SDS-gel electrophoresis was made on the denatured enzyme-inhibitor complex. As seen from Figure  3 no changes were observed in the electrophoretic mobility of the SP II A and SP II B proteins after interaction with chymotrypsin. Thus, under the conditions used, very little of the inhibitor with a hydrolyzed peptide bond in the active site was formed (l 1). However, if the subtilisin-inhibitor complexes are considered, two changes were noted. The mobility of SP II A had changed to that of the smaller molecule SP II B indicating that a small peptide has been released by the enzyme, probably at the Nterminal residues. Furthermore, two bands of smaller molecular weight appeared with both subtilisins vs. both inhibitors, but in largest amounts with the Carlsberg enzyme. These bands may represent products of the cleavage expected at the active site of the inhibitor. 
Sequence comparison between the SP II proteins and inhibitor I from potato
MELVILLE and RYAN (13) have isolated an inhibitor from potatoes which strongly inhibits chymotrypsin, subtilisin, and to some extent, trypsin. This inhibitor occurs as a tetramer composed of very similar genetic variants of the same subunit structure. These subunits have been sequenced and shown to consist of 70-71 residues (l 6, 17) . Earlier studies (2, 10, 15) ( 16, 17) . Identical residues in the two sets of sequences are boxed. 9 : a gap inserted in position 41 of the SP II sequence in order to obtain maximum homology.
inhibitor I from potato (17) a striking homology is observed. This is shown in Figure 4 , in which the two sets of sequences are aligned so that maximal homology is obtained which necessitates a gap in the SP II sequence in position 41.32 amino acids occur in identical positions in the two sets of sequences, provided the >>correct<< one is chosen in those positions where polymorphism is observed in the potato inhibitor. If one base mutation in the triplet codon is considered, the similarity in the sequences is even more evident. In this case 54 of the amino acid residues in the potato inhibitor match those of the SP II from barley.
It has been suggested by RICHARDSON and COSSINS (l 7) that the active site of the potato inhibitor includes Met (47) -Asp (48) (Met (60) -Asp (61) in Figure 4 ), since limited proteolysis with chymotrypsin give rise to hydrolysis of this bond only. The high degree of homology found in the sequence Val (58) to Phe (70) in SP II, is compatible with the active site of SP II being located in this segment.
While the homology between the two inhibitors extends all the way to the C-terminus a marked difference is noted in the N-terminal sequences. As seen in Figure 4 , the sequence of the barley inhibitor SP II A extends 13-14 residues further than the potato isoinhibitors.
In the purification of the SP II proteins two active polypeptides were isolated which differed in amino acid composition and isoelectric points (7) . One of these, SP II A, had a blocked Nterminus and had the sequence shown in Figure  4 . The other component, SP II B, proved to be a degradation product of SP II A, and sequencing showed that it had a >>ragged<< N-terminus. As indicated in Figure 4 by vertical arrows, hydrolysis had taken place at three positions. That a similar hydrolysis has taken place with the potato isoinhibitors is indicated by the finding that the sequences start either with a lysine or a glutamic acid. >>Ragged<( N-terminals appear to be quite common among inhibitors as shown f. ex. with Bowman-Birk type inhibitors isolated from soy beans (6). It is uncertain About 5 ~g of the barley inhibitor preparations CI-2a and CI-2b were applied in wells 2 and 4, respectively. About 50, 10 and 2 og crude potato protease inhibitor (9) was applied in wells 1, 3 and 5. Antibodies towards the SP II proteins (A) or the CI-2 inhibitors (B) were used. Anode is shown at top.
(2) are only dependent on non-covalent stabilization of the tertiary structure in the >>potato inhibitor I family,<. This observation has also been made with proteinase A inhibitor 3 (1) and proteinase B inhibitors 1 and 2 (12) from yeast, but to our knowledge the present report demonstrates for the first time the absence of disulfide bridges in a protease inhibitor from higher plants. No direct investigation has yet been made of the a-helix and [~-pleated sheet content, but if CHov and FASMAN'S (3) rules for formation of tertiary structure is applied to the barley inhibitor a high content of a-helix is to be expected.
The high degree of homology between inhibitors from Solanaceae and Gramineae suggests that the >>potato inhibitor I family~ is widely distributed in plants.
whether the barley inhibitor exists in the grain as a >>ragged N-terminus(( polypeptide or if the proteolytic digestion giving rise to the new Nterminal is connected to the purification procedure.
In spite of the observed homology no immunoelectrophoretic relationships between barley and potato inhibitors could be detected in experiments with antibodies towards the barley inhibitors ( Figure 5 ). Neither precipitate formation nor interference with precipitate formation by the barley inhibitors were seen.
A tentative classification of serine protease inhibitors on basis of sequence homology has recently been suggested by LASKOWSKI and KATO (11). The barley inhibitor is the second member to be included in the >>potato inhibitor I family~ on basis of sequence homology.
Generally the abundance of disulfide bonds has been assumed to be responsible for the resistance of protease inhibitors to denaturation and proteolytic degradation. Within each inhibitor family hitherto established the positions of all intra-chain disulfide bridges including the bridges of the reactive site loop are fully conserved (11). The lack of cystine in the barley inhibitor variants shows that the inhibitory properties and high stability towards heat and denaturing agents
